Abstract The seasonal outbreaks of human rotavirus (RV) infection occur every winter. Most patients are diagnosed clinically by a rapid latex agglutination detection kit or polymerase chain reaction assays for RV from stool samples, but some problems have been reported on the specificity and sensitivity of such rapid detection assays. To ratify these issues, a sensitive, specific, simple, and rapid nucleic acid based diagnostic method is expected to be introduced and the reverse transcription loop-mediated isothermal amplification (RT-LAMP) was developed to detect the RV in human stool samples by incubation at 60°C for 1 h and amplification was confirmed by electrophoretic laddering, restriction enzyme digestion, and hydroxynapthol blue discoloration. The assay established in this study was found to detect only the RVs and no cross-reaction with other viruses, demonstrating its high specificity. By using serial samples dilution as template, the detection limit of LAMP was 10 times more than that of PCR. The results showed the potential clinical feasibility of RT-LAMP as a useful diagnostic tool for the detection of RV with high sensitivity in comparison to conventional RT-PCR.
Introduction
The human group A rotavirus (RVA) infection has become a major public health concern worldwide, with more than 80 % of the deaths occurring in the developing countries of South Asia and sub-Saharan Africa [18] . It is a major cause of acute dehydrating gastroenteritis in neonates. Of the 7 groups identified in rotaviruses (RVs), three groups [A, B, C] are known to affect human beings [15] . Of these, RVA is predominant in humans and its rapid accurate diagnosis is of paramount importance for the prevention of virus transmission, management of disease progression and neonatal fatality [13] .
In the absence of suitable or convenient cell culture isolation system, human RVA diagnosis is based on serological tests like latex agglutination test, enzyme immunoassays, reverse transcription-polymerase chain reaction (RT-PCR) [11, 12, 27, 28] . Nucleic-acid-based detection techniques are currently the more widely accepted methods for detecting RVA. However, these assays, whether qualitative or quantitative, are relatively time-consuming, labor-intensive, and costly requiring specialized laboratory equipment. In resource-limited settings, the cost and technology requirement limit their universal application.
A new technique known as loop-mediated isothermal amplification (LAMP) introduced by Notomi et al. [17] provided a breakthrough into all these limitations and has been opted for detection of several important human and animal pathogens in the past [1, 3, 4, 8, 20, 26, 28] . It has been proven to be both cost and time effective, making it possible to have a reliable and confirmatory result within a short span of time. The LAMP reaction uses a set of four to six specific primers which recognizes distinct sequences on the target. It is estimated that target sequence got amplified up to 10 9 copies in less than an hour [17] . The non-structural protein-4 (NSP4) of RV, the first viral enterotoxin has been shown the potential as a suitable target for epidemiologic surveillance of RV infections in human beings [24] . Perusal of literature revealed that at present no human RVA detection assay using this methodology has been reported. We describe here development of a simple reverse transcription-loop-mediated isothermal amplification (RT-LAMP) method for rapid and sensitive detection of human RVA targeting consensus region of segment 10 encoding the NSP4 protein. The RT-LAMP assay was further evaluated on clinical samples collected from hospitalized children or Out Patient Department (OPD) patients visited Government Hospitals in the foothills of temperate western Himalayan region of India.
Materials and Methods

Clinical specimens
Sixty-two diarrhoeic faecal samples collected from patients who either admitted to Govt. Hospital, Haldwani (Uttarakhand) or visited OPD for treatment between the age group of 2 days to 45 years were used for evaluation in this study. Suspensions (10 % w/v) of faecal samples were made in 0.2 mM phosphate buffer saline (PBS) (pH 7.4; SigmaAldrich, St. Louis, USA) and centrifuged at 2,000 g for 20 min to remove coarse particulate matter and the upper aqueous layer was then filtered through 0.22 lm syringe filters and stored at -20°C until required.
Nucleic acid extraction and cDNA synthesis of clinical samples Total RNA was extracted from 500 lL of 10 % faecal suspension in PBS using an equal volume of TriReagent-LS (Sigma-Aldrich, St. Louis, USA). The RNA was eluted with nuclease free water (NFW) in a final volume of 25 lL. The isolated RNA was assessed qualitatively and quantitatively using Nanodrop Spectrophotometer (ND-1000, ThermoScientific, USA) and stored at -70°C until further use. Reverse-transcription for cDNA synthesis from viral RNA was performed using 0.2 lg/lL random hexamer (Fermentas, Lithuania). Initially, 50-100 ng of viral RNA, 0.1 lg random hexamer, and 2 lL of dimethyl sulphoxide (DMSO) were added to PCR tube followed by incubation of the reaction mixture at 95°C for 5 min for denaturing the RNA strands. The mixture was immediately snap chilled on ice followed by the addition of 4 lL of 59 RT buffer, 2 lL of 10 mM dNTPs (Fermentas, Lithuania), 40 U RNase Inhibitor (Ambion, USA) and 200 U MMLV-RT (Promega, USA) and kept at 37°C for 90 min. The enzyme was denatured at 80°C for 5 min at the end of the incubation step.
Designing of LAMP primers
To design an assay that can detect Human RVA, 64 individual sequences of the NSP4 gene of most common RVA strains from different geographical locations within India and the rest of the world were retrieved from the NCBI nucleotide database (http://www.ncbi.nlm.nih.gov/nuccore). The sequences were assembled using the ClustalW program of Lasergene 6.0 software (DNASTAR Inc, USA) for the alignment of all the retrieved sequences. Through NSP4 nucleotide sequences alignment analysis, the conserved regions of NSP4 gene of Human RVA (GenBank accession number: HQ853486) were used for generating the set of primers. The two outer (F3 and B3) and two inner (FIP-forward inner primer and BIP-backward inner primer) primers were designed according to the guidelines provided by PrimerExplorerV4 (http://loopamp. eiken.co.jp/). In inner primers set, FIP consisted of F1c, complementary to the F1 sequence, and F2 sequence, and BIP consisted of the B1 sequence and B2c, complementary to the B2 sequence. The outer primers, F3 and B3 were located outside F2 and B2. The oligonucleotides sequences designed within the conserved regions of NSP4 gene are provided in Table 1 . All primers were custom synthesized (Integrated DNA Technologies (IDT) Inc., India).
Optimization of the LAMP assay
The plasmid constructs of partial Human RVA NSP4 gene (206 bp) was used as standard for the optimization of LAMP reaction conditions. In brief, the Human RV positive diarrhoeic faecal sample (UKD-5) retrieved from Indian Veterinary Research Institute, India was processed for viral ribonucleic acid (RNA) extraction using TriReagent-LS (Sigma, St. Louis, USA) followed by cDNA synthesis as described above. The partial length NSP4 gene of human RVA (GenBank accession number: HQ440219) was amplified by RT-PCR using forward and reverse primers: (5 0 -AAA GAACGTGAAAACGCTAG-3 0 and 5 0 -CGGGATTAAGGC TTGAGC-3 0 ), respectively. The specific RT-PCR amplicon (206 bp) was gel-purified by using QIAquick Gel Extraction kit (Qiagen, Germany) and cloned into pJET1.2/blunt cloning vector (Fermentas, Lithuania). The clones were screened for the presence of the insert by colony PCR and restriction digestion with 40 U BglII enzymes (Fermentas, Lithuania). The positive clones were used further as standard for evaluation of the sensitivity and specificity of the LAMP assay.
The optimized LAMP reaction mixture for a total of 25 lL volume contained 2 mM of hydroxynaphthol blue 
Analysis of the LAMP products
Visual detection
For naked-eye visualization, 2 mM of HNB dye (SigmaAldrich, St. Louis, USA) was added to the reaction mixture at the time of setting up of reaction. A change in the color of the reaction solution from violet to light sky blue indicate a positive reaction, while in case of negative reaction, there is no change in color.
Gel electrophoresis
The amplified LAMP reaction products were resolved in a 1.5 % agarose gel stained with ethidium bromide (0.5 lg/ mL) for the confirmation of specific target sequence amplification. The LAMP reaction products were visualized and documented using Transilluminator-UV Ò 300 (UVP Inc., Upland, USA).
Restriction enzyme digestion
The restriction enzyme, AluI (Fermatas, Lithuania) was used to digest LAMP reaction products to confirm amplified target sequence specificity. The amplified LAMP reaction products containing AluI restriction site at 89 bp, was incubated with AluI enzyme at 37°C for 4 h. Digested products were analyzed in 1.5 % agarose gel electrophoresis.
Sensitivity and specificity of LAMP assay
For calculation of sensitivity, tenfold dilutions (10 -1 -10 -7 ) of NSP4 gene plasmid construct were used in LAMP reaction as well as in the conventional PCR. The LAMP reactions were performed as mentioned earlier. The conventional PCR reaction mixtures consisted of 5 lL 109 PCR buffer, 2 mM MgCl 2 , 0.5 lL 10 mM dNTP, 0.2 lM of F3 and B3 primers, 1.25 U of KOD Hot Start DNA Polymerase (Novagen, Germany) with volume made up to 25 lL with NFW. The PCR reaction was performed with initial denaturation at 95°C for 4 min to activate the KOD Hot Start DNA Polymerase followed by 35 cycles of denaturation at 95°C for 30 s, annealing at 52°C for 20 s, and extension at 70°C for 30 s, followed by a final incubation at 70°C for 10 min. The LAMP and PCR amplified products were resolved in 1.5 % agarose gel and visualized in Transilluminator-UV Ò 300 (UVP Inc., Upland, USA). The specificity of the LAMP primers was checked using RNA extracted from enteric viruses viz. picobirnavirus, group B and D RVs.
Evaluation of LAMP assay in field samples
To determine the assay's performance on Human RVA isolates from the field, diarrhoeic faecal samples (n = 62) received from Govt. Medical College Hospital, Haldwani, Uttarakhand were tested using both the diagnostic NSP4 gene based conventional RT-PCR and RT-LAMP assays.
Results
Optimization of LAMP assay
The LAMP reactions were optimized using partial length NSP4 gene plasmid construct of human RVA as standard, where we got the best detectable amplification at annealing temperature of 62°C within 60 min, followed by termination of the reaction at 85°C for 5 min. Also, this assay successfully amplified the target sequence of the NSP4 gene in the human RV clinical samples as revealed by electrophoretic laddering in 1.5 % agarose gel electrophoresis (Fig. 1) .
Scrutiny of LAMP products
In the naked-eye visualization reaction, sky blue color obtained through intercalating dye HNB (Fig. 2a) corresponded exactly with the generation of products with the same ladder-like appearance. Further confirmation was done by restriction enzyme AluI digestion of LAMP reaction products where it produced predictable digested product sizes of 89 and 117 bp in 1.5 % agarose gel electrophoresis (Fig. 2b) .
Specificity of LAMP assay
The LAMP primers specificity was determined by checking the cross-reactivity with picobirnavirus, group B and D RVs. The primer sets demonstrated 100 % specificity for human RVA by amplifying members of all human RVA and no amplification in all other viruses tested (Fig. 3) . The sensitivity for both conventional RT-PCR and LAMP assays was determined using log dilution of partial length NSP4 gene plasmid construct. LAMP assay detected 1.26 9 10 4 copy number of plasmid (Fig. 4a) whereas RT-PCR could detect only 1.26 9 10 5 copy number (Fig. 4b ). Both these assays were also evaluated on diarrhoeic cases (n = 62) in human patients from Haldwani (Uttarakhand) and it was found that both these assays detected RV genome in 59.67 % (37/62) of the clinical cases.
Discussion
The RV infection is a leading cause of public health concern particularly in the developing countries. An early identification of RV is, therefore, critical for control of disease and to minimize losses to the human life. The RV clinical diagnosis mainly relies on antigen capture ELISA and nucleic acid based amplification techniques. Of these, RT-PCR has been proved to be a powerful, sensitive and robust tool for RV detection [9, 10, 14, 15, [21] [22] [23] , but transferring RT-PCR to the field demands sophisticated and costly instrumentations. LAMP has been proved simple and efficient technique in detection of numbers of human and animal pathogens [1-5, 8, 16, 19, 20, 26, 28, 29] . Being simple, efficient and cost-effective technique, LAMP is considered as a more suitable field test for diagnosis of microbes. The naked eye visual detection of positive LAMP reactions is based on the turbidity produced due to the formation of white precipitate of magnesium pyrophosphate by-product. An increase in the turbidity of the LAMP reaction mixture due to the production of white precipitate correlates with the amount of DNA synthesized. Other DNA intercalating chemicals such as SYBR green [20] , Picogreen [4] , propidium iodide [7] and calcein [25] have also been used for clear visual differentiation between positive and negative reactions. More recently HNB, a metal indicator for easy detection of the positive LAMP reaction has come up with superior quality with regard to reducing contamination risks compared to other available dyes [6] .
In this study, LAMP primers were designed targeting the conserved region of NSP4 gene of human RVA and reaction mixture conditions were optimized at annealing temperature of 62°C with 60 min incubation. The LAMP products were detected and analyzed in three ways i.e. naked eye visual detection by change in color from violet to light sky blue in the reaction mixture due to intercalating HNB dye, resolving the LAMP products in 1.5 % agarose gel and further confirmation of products by restriction digestion by AluI. The reaction products observed in Fig. 4 Sensitivity comparison of conventional RT-PCR and RT-LAMP assays using human RVA partial length NSP4 gene plasmid construct. a Lane M 100-bp DNA ladder (Fermentas); Lanes 2-8 LAMP products using plasmid log dilutions starting from 1 log to 7 log dilutions. b Lane M 100-bp DNA ladder (Fermentas); Lanes 2-8 RT-PCR products using plasmid log dilutions starting from 1 log to 7 log dilutions. The RT-PCR amplicon size (206 bp) is in good agreement with the expected product size. All products were electrophoresed on a 1.5 % agarose gel Rapid detection of human rotavirus 269 agarose gel as a ladder-like pattern were due to the formation of stem-loop DNAs of varying stem length and cauliflower-like structures with multiple loops formed by sequentially inverted repeats of the target sequence. Of these detection methods, the naked visualization way of detection is more suitable for detection of Human RVA in the field (Fig. 2a) . The advantages of this method are due to its simple operation, rapid reaction, and potential for visual interpretation without instrumentation. This could make the technique far more suitable for field deployment. The sensitivity of LAMP assay calculated using the partial length NSP4 gene plasmid construct of human RVA as standard was 1.26 9 10 4 copy numbers and it was found to be 100 % specific in amplification of only human RVA when checked with other enteric viruses. After going through optimization, sensitivity and specific barrier checks, this assay along with RT-PCR was evaluated on clinical samples (n = 62) obtained from patients either hospitalized or visited hospital for treatment in Haldwani (Uttarakhand). Comparative evaluation results of conventional RT-PCR and RT-LAMP assay showed 100 % specificity and correlation over the number of samples tested where both detected 59.67 % samples positive for RV genome. However, the sensitivity of RT-LAMP was found 10 times more than conventional RT-PCR assay.
The results from many of the past studies are based on the use of real time turbidimeter, thermal cycler and UV-transilluminator for the detection of pathogens, making this assay more expensive with dependence on expensive instruments, ultimately limiting the wide use of this procedure, especially in clinical laboratory of developing country. Therefore, the naked eye visualization method of LAMP product combined with more sensitive in comparison to RT-PCR makes this assay more suitable for field applications.
Overall, the results confirm that in comparison to conventional RT-PCR, RT-LAMP was consistently easy, rapid, cost-effective, and more sensitive. The development of LAMP assay enables detection of RVA in children within an hour and without requirement of sophisticated instruments and could therefore be invaluable in field diagnosis. As the assay is relatively economic and reliable, most probably LAMP will more widely integrate into routine molecular techniques. The LAMP assay provides a number of benefits for the diagnosis of RV. Since the assay is sensitive and rapid, and the isothermal amplification strategy used is not reliant upon expensive equipment, it is particularly suited for ''front line'' diagnosis of RV infection in modestly equipped laboratories, in field stations or in mobile diagnostic units.
